a BisĲdiisobutylammonium) octabromodiantimonateĲIII), [(i-C 4 8 , an analogous mechanism of the phase transition of the former is proposed. The change of the electronic structure of the complex during the phase transition was analyzed by UV-vis spectroscopy. A low-frequency dielectric relaxation process appears over phase I (below the room temperature) and corresponds to the dynamics of dipolar diisobutylammonium cations. The detailed analysis of the molecular motions of the organic cations studied by means of proton magnetic resonance ( 1 H NMR) in a wide temperature range indicates a leading role of the methyl groups in the relaxation mechanism. A variable-temperature investigation of the infrared spectra of [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Br 8 confirms, in turn, the influence of the diisobutylammonium cation dynamics on the molecular mechanism of the structural transformation at 229 K.
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Introduction
The compounds of haloantimonatesĲIII) and halobismuthatesĲIII) with amines have been known for over a century. Current interest in these compounds stems from their possible applications as nonlinear optical (NLO) and nonlinear dielectric (polar) materials. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] During the past 25 years, in the family of crystals described by the formula R a M b X (3b+a) (X = Cl, Br, I; M = Sb(III), Bi(III) and R is an organic cation), a dozen of novel ferroelectrics have been obtained. In spite of the fact that haloantimonates(III) and halobismuthates(III) are characterized by a rich diversity of the anionic networks in the crystal lattices, the ferroelectric properties are limited only to several chemical stoichiometries namely: R 5 M 2 X 11 , 13-17 R 3 M 2 X 9 , [18] [19] [20] [21] R 2 MX 5 (ref. 22 and 23) and RMX 4 , 24, 25 where the cations are usually small alkylammonium ones or five and six-membered heteroaromatic rings. In general, most of the paraelectricferroelectric phase transitions (PTs) are characterized by an 'order-disorder' mechanism connected with the dynamics of the organic counterions. In our search for new acentric and switchable dielectric PT materials, we have extended our studies on derivatives containing bulky secondary aliphatic amines. It should be emphasized that simple (1 : 1) ionic compounds built from expanded secondary aliphatic amines, for example diisopropylammonium chloride 26 and diisopropylammonium bromide, 27, 28 are very promising room temperature ferroelectric materials with spontaneous polarization comparable with those of well known perovskite-like ferroelectrics (BaTiO 3 ). Diisobutylamine molecules are characterized by a significant dipole moment, which makes them good candidates as components in inorganic-organic hybrid compounds. A change in the dynamics/reorientation of such dipolar units in the crystal lattice may lead to interesting dielectric properties (a tunable and switchable dielectric constant) and PTs. 29 Here we present two novel organic-inorganic hybrid materials, diisobutylammonium analogs based on haloantimonates(III); [(i-C 4 H 9 ) 2 8 . As it turned out only the latter compound was found to undergo isomorphous structural PT of the first-order at 222 K (cooling). The proposed mechanism of the PT was based on the thermal, vibrational (IR) and dielectric studies, while the molecular motions of diisobutylammonium cations in [(i-C 4 H 9 ) 2 
Results and discussion
DSC measurements, presented in Fig. 1(a) , indicate the presence of a perfectly reversible first-order structural PT which is characterized by a strong heat anomaly at about 222/229 K (cooling-heating) and thermal hysteresis (ΔT = 7 K). The entropy change (ΔS tr ) was estimated to be ca. 26 J mol
should be also added that a study of the phase situation based on dilatometric measurement (see Fig. S1 -ESI †) confirms the sequence and the nature of the low-temperature PT. The observation of the single crystal sample under a polarized microscope in the ac plane disclosed a characteristic phase front which shifts along the a-axis as it can be seen in Fig. S2 . † It confirms the first-order character of the PT at 222 K. The optical observations disclose also an additional feature of the title compound which is related to the mechanical instability around T c . Attached films (F1) show that the discontinuous PT, which is related to the huge distortion of the inorganic substructure (see Table 1 Above RT, the compound shows complex thermal properties because the visible heat anomalies are only partially reversible and connected with a simultaneously weak decomposition of the sample (see Fig. S3 †) . Fig. 1(b) shows the TGA-DTA scan of the [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Br 8 crystal between 300 and 700 K. The first two endothermic peaks at ca. 370 and 387 K correspond to the irreversible PTs detected by DSC (see also Fig. S3 †) . The next heat anomaly at 408 K is due to the melting of the sample and onset of the decomposition of the compound.
Single-crystal X-ray diffraction and theoretical structure analysis
The single crystal X-ray diffraction experiment revealed that both phases of [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Br 8 adopt the monoclinic P2 1 /c space group (no. 14). The independent portion of the unit cell at 250 K, together with the atom numbering scheme, is presented in Fig. 2 ] ions consist of two distorted square pyramids sharing a basal edge ( Fig. 2(a) ). At 250 K, the diisobutylammonium cations reveal disorder, in which each isobutyl group is distributed between two sites ( Fig. 2(a) and 3(b) ). At 100 K (phase II), the disorder disappears and diisobutylammonium cations are fully ordered ( Fig. 2(b) and 3(c) ). ] units along the [100] direction, which is equal to 3.67 Å, suggests a possible halogen-metal interaction and leads to formation of anionic supramolecular ribbons (see Fig. 3 (a), 4 and Table 1 ). ] anions reduce significantly their librational motion. The PT is not accompanied by a change in the space group, thus this transition is classified as an isomorphous one.
The PT is accompanied by a huge distortion of the crystal lattice. After the transition, the dimensions of a and c of the unit cell increase by about 0.09 and 0.45 Å, respectively, whereas the dimension of b is significantly reduced by about 1.91 Å (above 9%). Also the β angle changes during the PT (decreases about 2.93°). The huge distortion of the crystal lattice during the PT does not lead to the breaking of the symmetry (see Table S1 -ESI †). Such an effect, rarely encountered, is a result of the fact that all the atoms of the ions are placed in general positions and anions are additionally situated at the symmetry centre. In consequence, even the huge distortion of the crystal lattice due to the PT retains the same symmetry (space group) of the phases II and I.
For better understanding of the mechanism of the PT and especially of the huge distortion of the crystal lattice observed for [(i-C 4 H 9 ) 2 ] units are even greater (even about 0.14 Å) than at 250 K, and diisobutylammonium cations are ordered. Simultaneously, after the PT in the cooling mode, the Br-Sb-Br angles of [SbBr 4 − ] reveal a noticeable tendency to be closer to 90 or 180°, which is not observed in the [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Cl 8 analog. Taking into account the changes of the Br-Sb-Br angles, the PT in the cooling mode Symmetry code: i x − 1, y, z. ] units of neighboring ribbons is equal to 5.79° (Fig. 4(a) ). At 100 K, the angle is equal to 25.47° (Fig. 4(b) ). The reorientation of the [Sb 2 Br 8 Full geometry and cell parameter optimisation for the solid state has been carried out to obtain the minimum structure of the [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Br 8 crystal. The computational details are contained in the General section of this manuscript. The selected calculated results presented in Tables 1  and 2 show a good agreement with the X-ray diffraction data. Referring to Tables 1 and 2 , it may be noticed that structural differences in the calculated and experimental parameters are small and do not exceed ca. 5%. The largest errors (ca. 6.4-8.0%) have been found for the calculated structural angles.
Moreover, the optimized parameters of the unit cell (a = Table S1 . † This confirms the need to use dispersion corrections to the full energy for calculations on the DFT method level. The optimised structure of the investigated crystal was applied to calculate the frequencies in the IR and Raman spectra in the harmonic approximation. The calculation of the frequencies allows one to verify that the optimised structure is in the global minimum on the potential energy surface (PES).
UV-vis electronic spectroscopy
The structural changes of the [Sb 2 Br 8 2− ] complex modify the electronic structure of the complex. This should be reflected in the UV-vis electronic spectra. The spectra of the powdered compound under study are shown in Fig. 5 ] complex, which possesses C s symmetry, all these transitions are symmetry allowed; however, due to the selection rules ΔS = 0 and ΔJ ≠ 0 and 2, the ]. This is probably caused by a strong ligandto-metal charge-transfer (LMCT) band, which is strongly delocalized and appears usually as a broad, intense band. 30, 32 Due to the lower optical electronegativity 32 as well as the higher oxidation potential of Br − ions than Cl − , the energy of the LMCT transition decreases significantly in the case of the ] anion, is reflected in the UV-vis spectrum. There is a distinct shift of the A band, while the energy of the remaining B and C bands remains essentially unchanged. The qualitative MO scheme for the AL 5 type complex with C s symmetry (Fig. 6 ) may be helpful to elucidate such a spectral feature.
Within this simple MO approach, the observed A, B and C bands may be assigned to the 1 A′ → 3 A′, 1 A′ → 3 A′ and 1 A′ → 1 A″ transitions, respectively.
As it was shown in the Single-crystal X-ray diffraction and theoretical structure analysis section, the PT results in certain elongation of two equatorial Sb-BrĲ2) i and Sb-BrĲ3) bond lengths and shortening of the Sb-BrĲ2) bond on decrease of the temperature. The distance between the sixth Br − anion and Sb 3+ cation (Sb-BrĲ1) ii 3.49 Å) in phase I may suggest a weak interaction between these ions and the formation of a quasi 6-coordinate surrounding of Sb 3+ . In phase II, the latter interaction is reduced due to significant elongation of the Sb-BrĲ1) ii distance (3.67 Å). Taking into account these structural changes, one may conclude that the more rigid structure of the anionic complex in phase I becomes less tight in phase II. As a result of the I → II PT, the energy of the antibonding 1a′*, 3a′*, 1a″* orbitals should decrease, while the energy of the 2a′* orbital should be only slightly affected. Within this simple, qualitative model, a certain increase of the energy of the 1 A′ → 3 A′ transition should be expected. Indeed, the energy of the A transition increases by ∼900 cm −1 on decrease of the temperature, while the energy of A and B bands is practically unchanged. We have also recorded the luminescence spectra of the compound under study. Interestingly, a red emission was observed at 77 K when the sample was excited with 360 nm light, while it was practically quenched at RT. This raises questions whether the appearance of luminescence at lowtemperature is connected with the PT or is it brought about by another reason? Trying to explain this we have measured the luminescence spectra of the [Sb 2 Br 8
2−
] complex at different temperatures (Fig. 7) .
As it can be seen from Fig. 7 , the red emission centered at 650 nm and attributed to the (1) and (2) suggest strong vibronic coupling of electronic states with SbBr oscillations.
where: P 0 states as well as a relatively low energy of the LMCT, seem to be reasons for the effective luminescence quenching of the compound under study at room temperature. A more detailed study on the luminescence properties of the compound is outside the scope of this paper.
Dielectric properties
The dielectric response of [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Br 8 in the radiofrequency region below RT is illustrated in Fig. 8(a) and (b) .
The real part of the dielectric constant, ε′, in the vicinity of 222 K falls abruptly, which confirms the first-order character of I → II PT. Over phase I, the imaginary part of the dielectric constant (ε″) shows the characteristic shift of ε ″ max with frequency towards higher temperatures, which confirms the low-frequency relaxation process. This process may be well described by the Cole-Cole relation: 34 (3) where: ε 0 and ε ∞ are the low and high frequency limits of the dielectric constant, respectively, ω is the angular frequency, τ is the macroscopic relaxation time and α is a parameter characterizing the distribution of the relaxation times. The Cole-Cole diagrams at selected temperatures (between 230 and 300 K) are presented in Fig. S4 . † The ColeCole plots deviate from the semi-circles over the analyzed temperature region, (α ranges between 0.05 and 0.20), which means that we deal with a polydispersive relaxation process approaching 222 K. We have fitted the experimental ColeCole plots at selected temperatures with eqn (3) and determined the fitting parameters ε 0 , ε ∞ and τ. Since we deal with weak dipole-dipole interactions (the lack of long-range order), we can assume that the macroscopic relaxation time is close to a microscopic one. Thus, the energy barrier E a can be estimated from the Arrhenius relation:
The E a magnitude was estimated to be rather small, ca. 8 ± 1.5 kJ mol −1 (see Fig. S5 †) , taking into account the fact that we deal with bulky organic cations.
Proton magnetic resonance studies ( 1 H NMR)
The temperature relations of the proton nuclear relaxation time T 1 for 15 MHz and 25 MHz are shown in Fig. 9(a) . There are two different temperature ranges above and below the PT temperature at 229 K. The low-temperature range of the spin-lattice relaxation time function reveals two weakly separated minima characterized by nearly the same depth, which are better separated at the frequency of 15 MHz. The first possibility, (a), should be rejected because of almost the same values of T 1min and the similar dynamical parameters of both fitted minima which lead to the conclusion that we have the same origin of both component minima. The second possibility, (b), should be also rejected because the X-ray data exclude the presence of structurally inequivalent cations. Therefore, it seems that the third possibility (c) is realized in [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Br 8 . Both T 1 relaxation time minima originate from a pair methyl groups of the side chain bonded to the N atom in the same cation. Both pairs of CH 3 groups have different molecular dynamics resulting in different temperature dependence trends.
This fact confirms that above 229 K (phase I), the relaxation mechanism of indistinguishable methyl groups dominates. It may also indicate the unification of two previously independent side chain parts of the [(i-C 4 H 9 ) 2 NH 2 + ] cation via spin diffusion. In the T 1 measurements, any other possible reorientation such as the expected axial movement of the side chains is still not visible (more in ESI †). [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] The temperature dependence of the second moment M 2 of the 1 H NMR line ( Fig. 9(b) ) has been measured between 99 K and 293 K. With the increase of temperature from 99 K to the PT point at 229 K, the value of 1 H M 2 is nearly constant, experiencing only a slight reduction from ca. 14.5 G 2 to 13 G 2 . At the PT, probably, from the axial movement of one of both cation side chains (i-butylammonium) or only any partial motion inside side chains of the cation.
Vibrational spectroscopy
In both phases i.e. at room temperature (phase I) and at 100 K (phase II), the title crystal is monoclinic and belongs to the ] and four symmetry equivalent diisobutylammonium cations, which occupy the general C 1 sites. The low-temperature phase II is strictly ordered, i.e. both anions (octabromodiantimonate(III)) and cations (diisobutylammonium) are ordered. However, in phase I, the diisobutylammonium cations ((C 4 H 9 ) 2 NH 2 (1+) ) exhibit disorder, in which both isobutyl groups of each diisobutylammonium cation are distributed between two sites. Simultaneously, the anions remain ordered and preserve the C i site symmetry.
The numbers of normal modes of the isolated cation of C 1 symmetry (its normal modes can be divided into 3 A-type librational modes, 3 A-type translational modes and 81 A-type internal modes) and those of the isolated anion of C i symmetry (its 30 normal modes can be divided into: 3 librational modes (3 A g ), 3 translational modes (3 A u ) and 24 (12 A g + 12 A u ) internal modes) are identical in both phases, respectively. However, for the lowtemperature ordered phase II, one may expect an additional splitting of each normal mode due to the Davydov type coupling. Thus, each mode of A-type may split into four (A g + B g + A u + B u ) unit cell modes, the A g -type modes into two (A g + B g ) and the A utype modes into two other (A u + B u ) unit cell modes. The results of the fundamental mode analysis for phase II of the title crystal is given in Table S5 . † The Davydov type splitting should not appear for the normal modes of cations in the high temperature phase I, due to their disorder therein. A problem then exists -if whether the Davydov type splitting may appear or not for the ordered part (anions) of the crystal in this high temperature phase.
Generally, the positions/wavenumbers of the majority of the bands assigned to the internal vibrations of cations in [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Br 8 do not experience any noticeable changes in their positions due to the PT (Fig. S7 †) . Nevertheless, some bands show a significant continuous and discontinuous change of their positions, intensities and FWHM (full width at half maximum) in the vicinity of T c (see also Fig. S8-S10 †) . Fig. 10(a) shows an evolution of the IR spectra in the range between 1040 and 960 cm −1 as a function of temperature. The bands in this wavenumber range arise from the ν a (CNC), ν s (CCC) and ν s (CNC) vibrations. Distinct changes in the position of these bands are observed at ca. 230 K (see Fig.  10(b) ). For two of these bands, a step-wise change in their position occurs, i.e. the band at 963 cm −1 (marked as (1)) shifts towards higher wavenumbers, while the one at 974 cm −1 (described as (2)) shifts towards lower ones on increasing temperature. The positions of the remaining components are not sensitive to the PT. The temperature behavior of the bands assigned to the δ(NH 2 + ) vibrations appearing between 1605 and 1530 cm −1 (Fig. 11 (a) and (b) ) differs clearly from that presented earlier. The higher frequency component (marked as (3)) experiences only a slight anomaly around the T c , while the lower one (denoted as (1)) shifted towards higher wavenumbers in a continuous way (without visible changes around T c ) on heating. The shoulder (2) at about 1562 cm −1 disappears on heating in the low-temperature phase (at about 200 K). The lowest frequency band observed at 1557 cm −1 in this region at room temperature shifts to 1552 cm −1 in the spectrum measured at 18 K, however, without any drop of the PT temperature. This can be related to the observed decrease of the N-H⋯O hydrogen bond strength on cooling down, which is clearly indicated by the N⋯Br distances determined for the structure at 250 K (3.355 (7), 3.386 Å) and at 100 K (3.540(3) and 3.398(3) Å), respectively (see Table 2 ). As this band arises from the δNH 2 vibration, therefore its wavenumber may be very sensitive to the strength of the hydrogen bonds in which the protons of this group are involved. With decrease of the strength (i.e. increase of the N⋯Br distance), this mode should shift to lower wavenumbers.
Experimental section
Synthesis of the complexes General X-ray diffraction studies. The crystallographic measurements were performed on a Kuma KM4CCD four-circle diffractometer. For more details see the ESI. † [47] [48] [49] CCDC no.
1475468-1475471.
Thermal properties. Simultaneous thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed on a Setaram SETSYS 16/18 instrument in the temperature range of 300-700 K with a ramp rate of 2 K min −1 .
The scans were performed under flowing nitrogen (flow rate: 1 dm 3 h −1 ). DSC heating curves were obtained using a Perkin
Elmer 8500 differential scanning calorimeter calibrated using n-heptane and indium. Hermetically sealed Al pans with the polycrystalline material were prepared in a controlledatmosphere N 2 glove box. The measurements were performed between 100 and 290 K. The thermal hysteresis was estimated from the scans performed at various rates (20, 10 and 5 K min −1 ) extrapolated to the scanning rate of 0 K min −1 .
Dilatometric measurements. Dilatometric measurements were performed using a Perkin Elmer TMA-7 thermomechanical analyzer in the temperature range of 150-280 K with the scanning rate of 3 K min −1 . Dielectric spectroscopy. The complex dielectric permittivity, ε* = ε′ − iε″, was measured by a E4980A Precision LCR Meter within the frequency range of 500 Hz-2 MHz and in the temperature range within 100-300 K. The dimensions of the sample were of the order 3 × 2 × 1 mm 3 . The overall error for the real and imaginary parts of the complex dielectric permittivity was less than 5% and 10%, respectively. Silver electrodes were printed on opposite faces. Optical measurements. The optical microscopy observation was carried out by using an Olympus BX53 combined with a LINKAM THM-600 heating/cooling stage, where the temperature was stabilized to within 0.1 K.
UV-vis absorption spectra. The UV-vis absorption spectra of the compound under study were recorded using a Cary 5000 UV/vis/NIR. The spectra of the powder were measured at different temperatures (200-293 K) in a continuous flow helium cryostat (Optistat, Oxford).
Luminescence spectra. Luminescence spectra of crystals under study were measured on an Edinburgh Instruments FLS 920 spectrometer in the temperature range of 77-298 K. The temperature measurements of crystals were performed in a nitrogen cryostat Optistat DN (Oxford Instruments).
Proton magnetic resonance ( 1 H NMR). The NMR T 1 relaxation times of the hydrogen nuclei NMR measurements were determined on an ELLAB TEL-Atomic PS 15 spectrometer working at the frequencies of 15 and 25 MHz in the temperature range from 80 K to 300 K. The T 1 relaxation times were determined by the saturation method. Closed Cycle Refrigeration System, Model CSW-202 was used for the temperature dependence studies. The temperature of the sample was maintained with an accuracy of 0.1 K by a Scientific Instruments INC controller Series 5500. The Grams/368 Galactic Industries program was used for numerical fitting of the experimental data. The Gaussian functions were used for fitting the infrared bands. Powder FT-Raman spectra were recorded using an FRA-106 attached to a Bruker IFS-88 using a Nd:YAG diode pump laser. The measurements were performed over the wavenumber range of 3500-80 cm
at room temperature with a resolution better than 2 cm
. The bands characteristic of the internal vibrations of the diisobutylamine appear in the measured IR spectra (see Fig.  S6 †) . The wavenumbers of the bands observed in these spectra are listed in Table S7 ] anions with a geometry of two square pyramids sharing a basal edge and diisobutylammonium cations which are highly disordered in phase I and fully ordered in phase II. The PT in the cooling mode is additionally related to the smoothing of the Br-Sb-Br angle distortion of the [SbBr ] units in relation to each other, leading to the enormous crystal lattice distortion compared with phase I, cause a better fit of diisobutylammonium cations to the anionic moiety. These changes within the anionic moieties are treated as a "displacive" contribution to the mechanism of PT.
The dielectric dispersion measurements confirmed the dynamical disorder of the cationic dipolar units in phase I which is reflected in the presence of the low frequency relaxation process. It should be added that librational motions of the whole [Sb 2 Br 8 The anomalies found in the temperature dependent infrared spectra around T c are generally quite subtle. Most of the modes exhibit different temperature coefficients describing the temperature dependence of their wavenumbers. The discontinuous changes of the band positions are observed for some modes around 229 K, but they are very small. This may be explained by the fact that the space group of the neighboring phases and the environment of the cations in the crystal lattice do not change throughout the PT.
Infrared and Raman spectra have also been recorded for the studied [(i-C 4 H 9 ) 2 NH 2 ] 2 Sb 2 Br 8 crystal and comparative vibrational analysis has been performed. Vibrational analysis is very important since it proves that the results of the static structure optimisation are correct. The comparison between experimental and calculated vibrational frequencies for the studied crystal has been presented in Table S6 . † Due to the fact that the calculation of vibrational frequencies was performed at the gamma-point and also in the harmonic approximation, the calculated wavenumbers presented in Table  S6 † 
